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Abstract: The rapid increase in urbanization has brought about a great deal of ecological problems,
and thus the systematic protection of the environment is vital. Ecological security patterns are
important for maintaining regional ecological stability and sustainable urban development. Human
disturbance is a key factor affecting the stability and sustainable development of ecosystems. This
paper constructs an ecological security pattern and evaluates the degree of human disturbance in
Fuzhou City. Through a comprehensive analysis of both of these factors, the ecological priority
restoration areas in Fuzhou were identified. The study shows that (1) there are 40 ecological source
areas in Fuzhou, with a total area of 4556.48 km2; 83 ecological corridors, with a total distance of
179.33 km; and 30 ecological nodes. (2) The human disturbance degree score in the study area is
between 0 and 0.8. The degree of human disturbance forms two larger major cores in Cangshan
District, Gulou District, and Fuqing City. (3) The scores for the degree of human disturbance with
ecological sources range from 0 to 0.42. The high-priority areas in the study area are distributed at
the edges of ecological sources and form two high-scoring aggregation areas in Fuqing City and
Jinan District. These corridors have a high degree of human disturbance with scores between 0 and
0.56. The I and II priority areas are mostly found in longer corridors in Fuqing City and Cangshan
District near coastal or urban centers, and the III priority areas are mainly distributed in ecological
corridors near the inland. The human disturbance degree scores of the nodes range from 0.01 to 0.27,
and the nodes with higher grades were mainly distributed in the northeast, southeast, northwest and
southwest of the study area.

Keywords: human disturbance; ecological security pattern; priority restoration area; GIS; Fuzhou; China

1. Introduction

Human disturbance is an important factor that affects ecosystems. The most intuitive
manifestation of human disturbance is the rapid urbanization process and population growth,
land-use expansion, and economic agglomeration [1]. The dramatic influx of human activities
has an increasingly serious impact on the function and structure of the ecosystem, causing
various ecological problems, such as ecological degradation, landscape fragmentation, the loss
of ecological diversity, and soil erosion [2,3]. These problems seriously affect the ecological
security and sustainable development of cities. In response to these problems, in 2019, the
United Nations announced the “Decade of Ecosystem Restoration 2021–2030”, which proposes
large-scale restoration of degraded and damaged ecosystems [4], and in 2021, China included
ecological restoration as an important tool to promote new urbanization [5]. The systematic
process of ecological restoration should become the focus of future academic research.

In traditional ecological restoration research, studies have mostly targeted single-habitat
or single-element restoration. A large number of ecological restoration studies have focused
on water [6], forests [7], soil erosion [8], and the restoration of abandoned mining sites [9].
These studies are mostly conducted through field surveys or instrumental observations, and
then ecological restoration strategies are proposed. However, due to the lack of consideration
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on a regional scale, ecological systems, and ecological element correlation, there are good local
effects but low overall benefits or even declining ecosystem service functions. Evidently, large-
scale ecological evaluation has significant advantages in systematic ecological restoration.

At present, ecological evaluations at large scales focus on ecological sensitivity [10],
ecological environmental quality [11], ecological importance [12,13], ecological risk [14],
ecological vulnerability [15], and other aspects of evaluation, identifying areas that need
to be protected or restored by classifying the evaluation results into levels. These studies
emphasize the ecological pattern and state, and less consideration is given to the ecological
processes [16,17]. Ecological security patterns combine spatial patterns, ecological processes,
and scales in a more comprehensive way than other macroscopic studies. The concept of
ecological security patterns was introduced in the 20th century in response to the ecological
problems associated with rapid urbanization [18,19]. Ecological security patterns refer
to landscape elements, spatial locations, and linkages that are critical to maintaining the
health and safety of ecological processes [20,21]. Researchers believe that ecological security
patterns with less human interference are important for sustainable urban development.
Currently, the standard paradigm of “ecological source identification—building a resistance
surface—extracting corridors” is used to construct an ecological security pattern, which can
be widely used in various scales and is proven to be effective [22–24]. The identification of
ecological sources and the construction of ecological corridors are the focuses of ecological
security pattern research. For the identification of ecological sources, researchers initially
used ecological reserves and important ecological patches as sources, and models such
as the morphological spatial pattern analysis (MSPA), eco-environmental quality (Invest),
and pressure–state–response (PSR) have been introduced to identify sources [25–27]. The
construction of a resistance surface is key to identifying ecological corridors. Initially, re-
searchers mostly took advantage of land use as a resistance surface for identifying corridors,
but as time progressed, researchers gradually found that, due to the mixed nature of land
use, this method cannot accurately identify ecological corridors. Therefore, researchers now
utilize nighttime light, normalized difference vegetation index (NDVI), slope and other data
to modify ecological corridors [28,29]. There are several methods used for ecological corridor
identification, such as circuit theory, minimum cumulative resistance (MCR) and MSPA, but
the MCR model is the most widely used model [24,30–32]. After constructing the ecological
security pattern, researchers often optimized it by combining landscape indices, circuit
theory, or distribution characteristics. For example, Ma et al. showed that urban ecological
security patterns have significant relationships with landscape indices, such as size, shape,
quantity, type, and spatial configuration, and that the regulation of landscape indices can
improve regional ecosystems [33]. Peng et al. identified key points in ecological corridors in
Yunnan Province using circuit theory and optimized ecological security patterns through the
protection or restoration of ecological key points [34]. Hu et al. constructed the ecological
security pattern of Pearl River Delta and classified priority identification according to the
differences in its distribution [35]. These studies have important significance for maintaining
ecological security and ensuring sustainable urban development, but they ignore the impact
of human disturbance on ecological security patterns.

Human activities are the most significant factors affecting ecology [36]. The ecological
security pattern combined with the human disturbance factors can accurately determine
the location and scale of ecological repair, which has a guiding significance for the improve-
ment of regional ecology. At present, most studies consider human disturbance factors in
ecological corridors, such as ecological barrier points and break points. Huang et al. identi-
fied ecological barrier points in Jinan City based on circuit theory and ecological security
patterns and proposed a conservation strategy [22]. Fan et al. used the same approach to
identify ecological barrier points in Wuhan City and proposed an optimization strategy [37].
Lv et al. identified ecological barrier points and “pinch” points in Chongqing City, and
determined ecological restoration strategies based on the location of key points [38]. Tang
et al. identified the ecological corridor break points of the Huai yang Grand Canal by the
MSPA method, and identified the breaks as the key ecological restoration areas [39]; Xu
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et al. identified the change patterns of ecological break points in Beijing through landscape
connectivity and proposed ecological planning strategies [40]. Researchers mostly focus on
identifying the obstacles and fracture points in ecological corridors and the restoration of
these points to improve biological flow and enhance overall ecological stability. However,
such studies lack the assessment of human disturbance factors of ecological sources and
nodes. The overall human disturbance assessment of the study area can effectively iden-
tify the degree of disturbance in ecological sources, corridors, and nodes. Therefore, this
method can systematically identify priority areas of the overall ecological security patterns
and facilitate subsequent specific policy formulation.

In summary, the systematic restoration of ecology is a key issue in today’s academic
community, and the combination of ecological security patterns and human disturbance
factors to determine ecological priority areas has clear advantages. Therefore, this paper takes
Fuzhou City as a case study, constructs its ecological security pattern and anthropogenic
disturbance assessment, and determines ecological priority areas using a combination of the
two factors. This paper provides theoretical support for future ecological restoration practices.

2. Study Area and Data Sources
2.1. Study Area

Fuzhou City is the capital of Fujian Province, located in the southeastern coastal region
of China, with a geographical location of 25◦15′–26◦39′ N and 118◦08′–120◦31′ E. It covers
13 administrative districts—Gulou District, Taijiang District, Cangshan District, Jinan Dis-
trict, Mawei District, Changle District, Minhou County, Lianjiang County, Luoyuan County,
Minqing County, Yongtai County, Pingtan County, and Fuqing City—and has a total area of
11,968 km2. It is an important cultural, political and economic hub on the southeastern coast
of China, as well as an important port of commerce for the whole country. Fuzhou is a typical
estuarine basin, surrounded by mountains on three sides and facing the sea on one side. It is a
coastal city with 72.68% of its district covered by mountainous areas, and these geographical
factors mean that its land use is compact. Over the past 10 years, Fuzhou has experienced a
significant increase in population and urbanization [41,42]. The growing human disturbance
poses a serious threat to the ecological environment. In 2022, Fuzhou’s 14th Five-Year Plan for
Ecological Protection reported that the management and restoration of Fuzhou’s ecology lacks
systematicity. Its ecological problems remain serious, and there is an urgent need to propose
and implement practical and effective ecological restoration strategies (see Figure 1).
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2.2. Data Sources

(1) The 2020 land-use data encompass 10 land-use types: cultivated land, woodland, grass-
land, shrubland, wetland, water body, tundra, artificial surfaces, bare land, glaciers, and perma-
nent snow (http://www.globallandcover.com/ (accessed on 1 June 2020)).
(2) GDEMV3 30M resolution digital elevation data were mostly used to obtain slope and
topographic relief factors (http://www.gscloud.cn/ (accessed on 3 June 2020)). (3) Landsat
8 OLI_TIRS satellite digital products were obtained for vegetation cover in the study area
(http://www.gscloud.cn/ (accessed on 12 June 2020)). (4) Road network data were obtained
from the Open Street Map platform, which mainly includes road and rail vector data and
is mostly used for the analysis of road network density (https://www.openstreetmap.org
(accessed on 13 June 2020)). (5) Population density data sources for 2020 were assessed at
the following link (https://www.worldpop.org (accessed on 23 June 2020)), and (6) POI data
were sourced from Baidu Map (https://map.baidu.com/ (accessed on 27 June 2020)). (7) NPP-
VIIRS night light data were collected from National Oceanic and Atmospheric Administration
(https://eogdata.mines.edu/products/vnl/ (accessed on 1 January 2021)). The relevant calcu-
lations were performed by processing the data accordingly with 30× 30 m precision raster data.

3. Research Methodology
3.1. Research Framework

As shown in Figure 2, the research framework can be divided into three main parts.
(1) The ecological source was identified through MSPA, the resistance surface was con-
structed, the ecological corridor was determined via the MCR model combined with the
resistance surface, and the ecological pinch point was confirmed via circuit theory and used
as an ecological node. In this way, the ecological security pattern of a source–corridor–node
region was constructed. (2) The human disturbance evaluation model was established; POI
density, population density, road network density, land use and night lighting were taken
as the influence factors; and the factors were standardized and superimposed to obtain the
human disturbance evaluation distribution map. (3) Through a comprehensive analysis
of the ecological security pattern and human disturbance, the priority restoration areas of
ecological sources, ecological corridors, and ecological nodes were determined.
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3.2. Ecological Security Pattern
3.2.1. Ecological Source Identification

MSPA is a mathematical morphology-based classification processing method [43]. It is
based on mathematical morphological principles, such as erosion and expansion [43–45],
and divides binary raster images into seven elements based on the Euclidean distance
threshold between raster cells (Table 1). Among these elements, the core can provide a
larger habitat for species and has an important ecological significance, and it has been
widely used in the study of landscape ecology as an ecological source. In this study,
woodlands with good ecological service functions were used as the “foreground” and
remaining land was used as the “background” for analysis. The 30 × 30 m raster map of
land-use types was converted into a binary image of foreground and background by ArcGIS,
and then processed into seven landscape elements by the Guidos Toolbox software [46].
The probability index of connectivity (dPC) indicates the ability of ecological patches to
maintain ecological patterns and has been widely used for source identification. With
reference to related studies, cores above 100 hm2 were selected in this study to calculate
their dPC, the distance threshold was set as 1500 m and the connectivity probability was
0.5. The cores with dPC > 1 were selected as ecological sources [47].

Table 1. Landscape types of MSPA and their meanings.

Landscape Type Ecological Meaning

Core Large habitat patches that can serve as source areas and provide habitats or migration areas
for wildlife

Islet Small patches that are weakly connected to each other, providing a place for species to
breed and communicate, while promoting the flow of matter and energy

Perforation Transition zone between a core area and non-green landscape area: the edge of the internal
patch, which has edge effects

Edge Transition zone between the core area and the non-green landscape area; has an edge effect
and protects the ecological process of the core area

Bridge Connecting corridor of the adjacent core area; provides the necessary pathways for species
diffusion and energy exchange between adjacent patches of core areas

Loop Connects corridors inside the same core area to provide access to species diffusion and
energy exchange within the core patch

Branch Only one side is connected to an edge, bridge, loop or perforation

3.2.2. Ecological Corridor Identification

Indicator species are important indicators of the biodiversity, integrity and ecolog-
ical quality of an area. Changes in their habitat conditions can produce dramatic re-
sponses. With reference to related studies, vulpes was selected as an indicator species in
this study [48,49]. Ecological networks were constructed by simulating their migration
paths. Ecological corridors are low-resistance pathways between ecological sources that
can facilitate the movement of biological flows between ecological sources. The MCR
model was proposed by Knaapen et al. [50]. It is now widely used in urban planning and
ecological security pattern construction due to its good practicality and scalability. The
model identifies the lowest resistance path between two sites as an ecological corridor by
calculating the resistance to be overcome between the source and its destination, using the
following equation:

MCR = fmin

i=m

∑
j=n

(Dij × Ri) (1)

where MCR is the minimum cumulative resistance value Dij, which represents the spatial
distance of species from the ecological source to landscape unit i; Ri indicates the land-
scape unit’s resistance coefficient to species’ migration. f denotes the positive correlation
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between the minimum cumulative resistance and ecological processes. Traditional resis-
tance surfaces are constructed by simulating ecological resistance based on the land-use
characteristics of patches. In order to assess resistance more accurately, this paper draws on
relevant studies [44,51–54] to incorporate parameters, such as land use, slope, topographic
relief, and NDVI, and obtains their weights using the AHP method (Table 2).

Table 2. Resistance factors and classification.

Factor Extremely Low Low Medium High Extremely High Weights

10 30 50 70 90

Land use Woodland Grassland Waters Cropland Other land 0.39
Slope 8 8–15 15–25 25–35 35 0.23
Topographic relief 0–25 25–50 50–75 75–100 100 0.20
NDVI 0.8–1 0.6–0.8 0.4–0.6 0.2–0.4 0–0.2 0.18

3.2.3. Ecological Node Identification

Linkage Mapper Tools was developed by Brad McRae’s team of senior landscape
ecologists at The Nature Conservancy and has been widely used in ecological conservation
planning. Linkage Mapper Tools is a collection of commonly used ecological analysis
tools [55,56]. The Pinchpoint Mapper Tool has been widely used to identify ecological
corridor nodes.

3.3. Human Disturbance Evaluation
3.3.1. Human Disturbance Evaluation Model

Based on previous studies, eight indicators were initially selected: building density,
distances from road, integration, POI density, road network density, population density,
land use, and night lighting [57–59]. By distributing questionnaires to experts, five repre-
sentative indicator tables were created (Table 3). As shown in Table 3, the evaluation model
was constructed through Yaahp, and questionnaires were again distributed to 30 experts in
urban planning, landscape ecology and landscape architecture, and the average weights
obtained from the 30 questionnaires were used as the weights of each factor for this study
(Table 3). Finally, it is difficult to perform stacking calculations because of the different
attributes of the indicator factors. To facilitate the calculation, we normalized each indicator
to “0–1” by using the raster calculator in ArcGIS.

Table 3. Human disturbance factor weights.

Evaluation Objectives Factor Weights Data Processing

POI density 0.18 Normalization
Road network density 0.19 Normalization

Human disturbance Population density 0.25 Normalization
Land use 0.22 Normalization
Night lighting 0.16 Normalization

3.3.2. Human Disturbance Evaluation

The obtained data were processed using ArcGIS, and finally calculated using a multi-
factor superposition analysis. The calculation formula is as follows [60,61]:

H =
n

∑
i=1

wixi (2)

where H is the human disturbance evaluation score; n is the total number of evaluation
factors; i represents the different evaluation factors; wi is the single-factor weight; and xi is
the factor standardization score.
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3.3.3. Human Disturbance Classification

Natural breakpoint classification methods use statistical Jenk optimization methods
to obtain boundary points that minimize the sum of internal variances at each level [62].
The natural breakpoint classification method distinguishes the classification intervals
based on the natural grouping inherent in the data to maximize the variance between the
different categories [63]. This method has been widely applied to related studies [64,65].
After obtaining the human disturbance evaluation, its scores of ecological source sites,
ecological corridors and ecological nodes were obtained by the mask extraction tool in
ArcGIS. Then, we used the natural breakpoint method to classify the extracted human
disturbance scores into classes I (extremely high), II (high), III (medium), IV (low), and
V (very low).

4. Research Results
4.1. Ecological Security Pattern
4.1.1. Ecological Source Identification

The types of landscape patterns were identified based on MSPA (Figure 3). As shown
in Figure 3, the core was used as the basis for selecting ecological sources. The dPC of
cores over 100 hm2 was analyzed using the Conefor2.6 software, and parts of dPC ≥ 1
were selected as the sources for this study (Figure 4). As shown in Figure 4, there were
40 ecological sources with a combined area of 4556.48 km2, accounting for 81.76% of the
core area. The distribution of ecological sources in Fuzhou city had a less central and more
peripheral distribution, were less coastal, and more inland. As shown in Table 4, the largest
ecological sources were in Yongtai, Minhou, and Minqing counties, which are at the inland
edge of the study area. These are followed by Lianjiang, Luoyuan County, and Fuqing
City, which are located in the coastal fringe area of the study range. The smallest areas
were Jin’an District, Changle District and Mawei District, which were distributed in the
coastal or closer to the urban center. This distribution characteristic is closely related to the
geographical conditions of Fuzhou. Fuzhou is a mountainous city, and its mountainous
areas gradually become less distributed when moving from inland to the sea. These
less mountainous areas are suitable for construction, and thus gradually form human
settlements, while the more mountainous areas are mostly forested and continue to form
the habitats for many animals.

Table 4. Ecological sources area statistics.

Name Area (km2)

Yongtai County 1220.6
Minhou County 867.93
Minqing County 671.8
Luoyuan County 520.4
Lianjiang County 438.38
Fuqing City 336.72
Jin’an District 297.68
Changle District 116.17
Mawei District 86.79
Total 4556.47
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4.1.2. Ecological Corridor Identification

1. Comprehensive Resistance Surface Construction

According to Table 3, all kinds of factors were processed to obtain various types of
factors of resistance surfaces (Figure 5). There are more construction sites in the urban
center and coastal regions of the study area, and the factors showed higher resistance scores
in these areas (Figure 5a). Topographic relief affects the migration of animals, and the
greater the topographic relief, the greater the resistance to migration. The topographic
relief was higher in the interior of the study area and outside urban centers (Figure 5b).
The slope has an important influence on animal migration. The higher the NDVI, the lower
the migration resistance, and the lower the vegetation cover in the urban center and coastal
areas of the study area, the higher the resistance (Figure 5d). Integrated resistance values
were obtained by superimposing Equation (2) (Figure 6). These integrated resistance values
ranged from 1 to 8.64, and the high-scoring areas were continuously distributed over a
large area in urban centers and coastal areas, and sporadically distributed inland.
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2. Ecological Corridor Identification

The cumulative cost distance distribution map was obtained using Equation (1) (Figure 7).
The cumulative cost distance achieved its maximum score in the coastal area of Fuqing,
followed by a higher resistance in the urban center area of the Cangshan District, and the
overall cumulative cost was smaller in other areas. On this basis, ecological corridors in
the study area were identified (Figure 8). Due to the large and compact distribution of
ecological sources in this region, several shorter corridors formed. On the contrary, coastal
and urban center areas had fewer ecological sources and larger ecological source distances;
therefore, a small number of longer corridors were formed. There were 83 corridors with a
total of 179.33 km. The lengths of ecological corridors in Minqing County, Minhou County,
Yongtai County, and Changle City were greater than 20 km, followed by Fuqing City,
Luoyuan County, Lianjiang County, Mawei District and Cangshan District, which had
corridors of 5–20 km. The lowest number of corridors was found in Jinan District, Gulou
District, Taijiang District and Pingtan County, with length between 0 and 1.7 km (Table 5).

Table 5. Ecological corridor length statistics.

Name Length (km)

Minqing County 38.08
Minhou County 36.64
Yongtai County 24.5
Changle District 23.31
Fuqing City 18.45
Luoyuan County 16.09
Lianjiang County 7.61
Mawei District 7.07
Cangshan District 5.86
Jin’an District 1.69
Total 179.30
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4.1.3. Ecological Node Identification

The pinch point currents of the study area were analyzed by Linkage Mapper Tools
(Figure 9). The high scoring areas of the pinch point currents were mainly distributed
at the edges of the study area. The current distribution map was graded by the natural
segment point method, and it was divided into classes: I (extremely high), II (high), III
(medium), IV (low), and V (very low). The areas with a high rank have higher importance,
and the class I areas with pinch point currents are considered ecological nodes (Figure 10).
As shown in Table 6, there were 30 ecological nodes, which were distributed in seven
administrative regions of the study area, and the regions where the highest number of
nodes were found, in descending order, are as follows: Luoyuan County, Minqing County,
Fuqing City, Minhou County, Yongtai County, Lianjiang County, and Changle District.
These nodes are stepping stones within the whole ecological pattern and are important for
the ecological stability of the study area.

Table 6. Ecological node statistics.

Name Quantity

Luoyuan County 7
Minqing County 6
Fuqing City 4
Minhou County 4
Yongtai County 4
Lianjiang County 3
Changle District 2
Total 30
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4.2. Human Disturbance Assessment Results

Based on the established human disturbance evaluation model, the corresponding
factors were processed (Figure 11). POI density was high in Gulou District and Kurashan
District, and the rest of its regional density was low (Figure 11a). Land-use scores were
higher in the areas centered on Gulou and Changshan and in coastal areas (Figure 11b).
Night light had the highest score in Cangshan District, Gulou District, and Fuqing City.
The next highest night light scores were recorded in the coastal area of Changle District
(Figure 11c). The population density of the study area is mainly concentrated in Cangshan
District, Gulou District, and Fuqing City (Figure 11d). The road network density was
highest in and around Gulou District and in the central area of Fuqing City (Figure 11e). The
human disturbance assessment was obtained via superimposition, according to Equation (2)
(Figure 12). As shown in Figure 12, the human disturbance degree scores in the study area
ranged from 0 to 0.8. The degree of human disturbance formed two large major cores of
human disturbance in Cangshan District, Gulou District, and Fuqing City, followed by
four subcores in Luoyuan County, Lianjiang County, and Pingtan County. A large number
of contiguous areas with a high degree of human disturbance formed in the coastal area,
while other areas had a low degree of human disturbance. Fuzhou is a mountainous and
coastal city, and the suitability of urban centers for construction is high, thus forming a
human concentration. Fishing and shipping are important trade formations in Fuzhou,
and these trades attract human concentration, thus forming a large contiguous human
disturbance area in the coastal area.
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4.3. Ecological Restoration Priority Areas
4.3.1. Ecological Source Priority Area Identification

As shown in Figure 13, the human disturbance values in the ecological source area
were extracted and divided into classes I (extremely high), II (high), III (medium), IV (low),
and V (very low) by the natural breakpoint method. The high-grade priority areas in the
study area were distributed at the edges of the ecological source areas, and two high-grade
aggregation areas formed in Fuqing City and Jinan District. The statistics of the area of
ecological sources with different grades of human disturbance are shown in Table 7. The
table shows that the degree of human disturbance to ecological sources ranged from 0 to
0.42, which was generally small compared to the maximum value of human disturbance of
0.8. The I priority area had an area of 15.17 km2 and was mainly distributed in Minhou
County, Jin’an District, Yongtai County, Minqing County, Luoyuan County, Fuqing City
and Lianjiang County. The II priority area had an area of 55.32 km2, mainly in Jin’an
District, whose area was 26.34 km2, accounting for 47.61% of the overall class II priority
area, while remaining areas had smaller differences, ranging from 0 to 6.6 km2. The III
priority area had an area of 545.10 km2, among which, Minhou and Lianjiang counties had
the largest area; the total area of these two counties accounted for 46.71% of the whole
priority area. Other areas were distributed between 19.67 and 58.39 km2. Priority areas I, II
and III are subject to strong human disturbance, and the intensification of human activities
leads to ecological degradation in these areas (Table 7).
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Table 7. Area statistics of priority restoration areas for ecological sources.

Classification Score Name Area (km2)

I 0.15–0.42

Minhou County 2.72
Jin’an District 2.37
Yongtai County 2.33
Minqing County 1.96
Luoyuan County 1.69
Fuqing City 1.68
Lianjiang County 1.44
Mawei District 0.5
Changle District 0.47
Total 15.16

II 0.07–0.15

Jin’an District 26.34
Fuqing City 6.58
Yongtai County 5.67
Mawei District 4.09
Minhou County 3.99
Lianjiang County 3.09
Luoyuan County 2.54
Minqing County 2.52
Changle District 0.5
Total 55.32
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Table 7. Cont.

Classification Score Name Area (km2)

III 0.03–0.07

Minhou County 137.67
Lianjiang County 116.92
Luoyuan County 58.39
Mawei District 54.59
Fuqing City 52.22
Minqing County 41.71
Jin’an District 40.23
Yongtai County 23.7
Changle District 19.67
Total 545.1

IV 0.02–0.03

Minhou County 597.44
Yongtai County 413.95
Luoyuan County 334.3
Lianjiang County 248.57
Jin’an District 202.83
Minqing County 167.36
Fuqing City 113.89
Changle District 72.93
Mawei District 27.55
Total 2178.82

V 0.00–0.02

Yongtai County 774.95
Minqing County 458.25
Fuqing City 162.35
Minhou County 126.11
Luoyuan County 123.48
Lianjiang County 68.36
Jin’an District 25.91
Changle District 22.6
Mawei District 0.06
Total 1762.07

4.3.2. Ecological Corridor Priority Area Identification

As shown in Figure 14, the human disturbance values of the ecological corridor areas
were extracted and divided into the following classes using the natural breakpoint method:
I (extremely high), II (high), III (medium), IV (low), and V (very low). Class I and II priority
areas were mostly found in the longer corridors, such as Fuqing City and Cangshan District
near the coastal or urban centers, and the III priority areas were mainly distributed in the
corridors near the inland (Figure 14). The priority areas of different levels of corridors were
counted, and their scores ranged from 0 to 0.56. The class I corridor priority restoration
areas totaled 4.09 km and appeared in four districts, and the average length of corridors in
Fuqing City was 3.92 km, accounting for 95.84% of the main protected area. The II corridor
priority restoration area had a total length of 19.9 km, covering 10 districts and counties,
mainly in Fuqing City and Changle City, both of which accounted for 49.30% of its length.
This was followed by Changshan District, Mawei District and Luoyuan County, with the
length of these three regions accounting for 47.00%, while other areas were less distributed.
The total length of the III corridor priority restoration area was 46.85 km, and was mainly
distributed in Minhou and Minqing, both of which had a total length of 24.2 km, accounting
for 51.65% of the whole region. This was followed by Changle District, Yongtai County,
Luoyuan County, and Fuqing City. These areas had length values between 3.32 and 6.66 km,
and the remaining areas did not exceed 2 km (Table 8).
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Table 8. Length statistics of priority ecological corridor restoration areas.

Classification Score Name Length (km)

I 0.39–0.56

Fuqing City 3.92
Mawei District 0.11
Jin’an District 0.04
Luoyuan County 0.02
Total 4.09

II 0.25–0.39

Fuqing City 5.36
Changle District 4.45
Cangshan District 2.83
Luoyuan County 2.37
Mawei District 2.16
Yongtai County 0.98
Lianjiang County 0.67
Minhou County 0.64
Jin’an District 0.48
Minqing County 0.03
Total 19.97
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Table 8. Cont.

Classification Score Name Length (km)

III 0.15–0.25

Minhou County 12.79
Minqing County 11.41
Changle District 6.66
Yongtai County 4.30
Luoyuan County 4.01
Fuqing City 3.32
Lianjiang County 1.82
Cangshan District 1.08
Mawei District 0.78
Jin’an District 0.67
Total 46.84

IV 0.07–0.15

Minhou County 7.69
Changle District 4.87
Yongtai County 4.42
Minqing County 3.94
Mawei District 3.79
Luoyuan County 2.59
Fuqing City 2.12
Cangshan District 1.95
Lianjiang County 0.71
Jin’an District 0.50
Total 32.58

V 0–0.07

Minqing County 22.70
Minhou County 15.52
Yongtai County 14.80
Changle District 7.33
Luoyuan County 7.10
Lianjiang County 4.41
Fuqing City 3.73
Mawei District 0.23

Total 75.82

4.3.3. Ecological Node Priority Area Identification

As shown in Figure 15, the human disturbance values of the ecological corridor area
were extracted and divided into classes I (extremely high), II (high), III (medium), IV (low),
and V (very low) using the natural breakpoint method. The nodes with higher grades were
mainly distributed in the northeast, southeast, northwest and southwest regions of the
study area. As shown in Table 9, the human disturbance degree scores of the nodes ranged
from 0.01 to 0.27, among which six priority nodes of grade I were distributed in Fuqing City,
Minqing County, Lianjiang County and Yongtai County. There were four level II priority
restoration nodes distributed in Luoyuan County, Fuqing City, and Yongtai County, and
there were six level III priority restoration nodes distributed in Luoyuan County, Yongtai
County, Changle District, Lianjiang County, and Minqing County.
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Table 9. Ecological node priority restoration area statistics.

Classification Score Name Quantity

I 0.14–0.27

Fuqing City 2
Minqing County 2
Lianjiang County 1
Yongtai County 1
Total 6

II 0.07–0.14

Luoyuan County 2
Fuqing City 1
Yongtai County 1
Total 4

III 0.04–0.07

Luoyuan County 2
Yongtai County 2
Changle District 1
Lianjiang County 1
Minqing County 1
Total 6

IV 0.02–0.04

Minhou County 3
Minqing County 3
Changle District 1
Fuqing City 1
Lianjiang County 1
Luoyuan County 1
Total 10

V 0.01–0.02
Luoyuan County 2
Minhou County 1
Total 3
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4.4. Ecological Security Pattern Key Restoration Area
4.4.1. Ecological Source Key Restoration Area

Ecological sources are important areas for animals to survive and breed. Due to the
continuous outward expansion of the city, ecological sources form highly zoned aggrega-
tions at the edges in contact with built-up areas of the city (Figure 13). These areas are
subject to a high degree of human disturbance and first need to be assessed for ecology
and then protected and restored. At the same time, for subsequent development and
construction, these areas should be subject to low development intensity and less ecological
disturbances. The first three levels of priority areas are areas that need priority protection,
and thus these areas were counted (Table 10). The areas most in need of priority restoration
were Minhou County and Lianjiang County, both of which had an area of more than
100 km2; followed by Jinan District, Luoyuan County, Fuqing City and Mawei District,
which had priority areas of 50–70 km2; and finally, Minqing County, Yongtai County and
Changle District, which had priority areas of between 20 and 50 km2.

Table 10. Class I–III ecological sources priority restoration area statistics.

Name Area (km2)

Minhou County 144.38
Lianjiang County 121.45
Jin’an District 68.94
Luoyuan County 62.62
Fuqing City 60.48
Mawei District 59.18
Minqing County 46.19
Yongtai County 31.7
Changle District 20.64
Total 615.58

4.4.2. Ecological Corridor Key Restoration Areas

Ecological corridors are important paths for animal migration, and their connectivity is
essential for securing the migration of biological flows. The first three levels were counted,
and the total length was 70.9 km. Minhou County, Fuqing City, Minqing County and
Changle City were the areas that required the most attention, and the lengths of corridors
with serious anthropogenic disturbances in these areas were more than 10 km. Luoyuan
County and Yongtai County also required attention, and the length of human-disturbed
corridors in these areas was 5–10 km. Finally, Yongtai County, Changshan District, Mawei
District, Lianjiang County and Jinan District required the least attention, and the lengths
of human disturbance corridors in these areas were 1–5 km (Table 11). For these areas,
ecological diagnosis should be developed first, and ecological barriers to the ecological
corridor should be removed to ensure normal ecological flows.

Table 11. Class I–III ecological corridor length statistics.

Name Length (km)

Minhou County 13.43
Fuqing City 12.6
Minqing County 11.44
Changle District 11.11
Luoyuan County 6.4
Yongtai County 5.28
Cangshan District 3.91
Mawei District 3.05
Lianjiang County 2.49
Jin’an District 1.19
Total 70.9
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4.4.3. Ecological Nodes Key Restoration Areas

Ecological nodes are ecological stepping stones that play an important role in ensuring
the connectivity of ecological corridors and preventing ecological degradation. Statistics on
the first three levels of strong human disturbance show that four nodes were affected in
Luoyuan County and Yongtai County, three nodes with large human disturbance factors in
Fuqing City and Minqing County, two nodes in Lianjiang County, and one node in Changle
District (Table 12). For these important nodes, protection efforts should be strengthened,
and different protection strategies should be proposed according to the node land use.

Table 12. Class I–III ecological nodes priority restoration area statistics.

Name Quantity

Luoyuan County 4
Yongtai County 4
Fuqing City 3
Minqing County 3
Lianjiang County 2
Changle District 1
Total 16

5. Discussion
5.1. Comparison with Other Studies

Ecological restoration has been the focus of academic research. Initially, researchers
assessed the ecological sensitivity [66,67], ecological risk [68], ecological suitability [69,70]
or ecological quality [71] of the area, and then classified the ecological status of the study
area in a hierarchy, and proposed priority restoration solutions based on the results of the
classification. These studies tend to place more emphasis on the ecological state of the land.
Compared with the above studies, the ecological security pattern is more flexible and can
take into account not only the ecological status of the land but also the ecological flow [72].
In the meantime, due to the richness of the elements of the ecological security pattern,
researchers can start to restore the area through ecological sources, ecological corridors,
and ecological nodes. For example, An et al. constructed an ecological security pattern in
eastern Menghai County and proposed to improve the ecological connectivity by adding
ecological stepping stones [17]. Wang et al. constructed a security pattern in Shenzhen to
optimize the regional ecological network by increasing the area of ecological sources [73].
Guo et al. constructed the ecological security pattern of Harbin and proposed an optimal
scheme of “four belts, four districts, one axis, nine corridors and multi-centers” according to
its distribution characteristics [74]. These studies focus on systematically optimizing urban
ecology by adjusting some components of the ecological security pattern. These studies are
vital to ensuring the ecological security of urban areas but fail to consider larger regions.
The present study precisely classifies the priority restoration areas of ecological sources,
corridors, and nodes through a comprehensive analysis of ecological security patterns and
human disturbances, and this can be beneficial for an ecological restoration assessment.

5.2. Ecological Development Strategy of Fuzhou City

Urbanization and population growth inevitably lead to outward urban expansion,
which can easily result in impacts on ecological security patterns. Unlike inland plains
cities, Fuzhou is a mountainous coastal city, and its urban periphery is mostly composed of
ecological land and lacks buildable land for outward expansion. Therefore, its mandatory
outward expansion due to enhanced human activities is likely to disrupt the ecological
security pattern and lead to ecological degradation. Ecological corridors are most seriously
subject to human disturbance, so they should be restored first. The areas of ecological
corridors with the strongest human disturbance can be surveyed, and ecological barriers
can be removed by changing the path or piercing the holes according to the actual situation.
The next area that should be restored is the ecological source. The areas with high human
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disturbance in the ecological source are mainly located at the edges of the built-up areas,
which are caused by urban expansion. Later urban planners can prioritize the use of
land resources in the built-up areas, and the government should advocate the renewal of
the urban stock instead of always building new ones outwardly. The least disturbed by
humans are ecological nodes. For ecological nodes, policy making can determine the type
of ecological nodes through field investigation, and then propose protection mechanisms.

5.3. Deficiencies and Further Research Directions

Based on the perspective of human disturbance, the priority areas for ecological
restoration can be understood more comprehensively, but there are some limitations to
this study. (1) We used dPC to screen ecological sources, but the threshold value of dPC
has not been determined by the academic community. Therefore, our study is based on
previous studies with similar scales to determine values, which may have some errors.
(2) The importance of ecological security patterns was not considered when the ecological
priority area was determined in this study. The importance of ecological security patterns
is also very important for the determination of ecological priority areas, which is the focus
of this follow-up study.

6. Conclusions

Human disturbance is the most significant factor affecting ecological degradation.
Studying the degree of human disturbance of sources, corridors and nodes in the ecological
security pattern can precisely determine priority areas for restoration.

The study shows that there are 40 ecological sources in Fuzhou, with a total area
of 4556.48 km2, showing fewer urban centers and coastal areas, and more inland and
peripheral areas. There are 83 ecological corridors with a total area of 179.33 km, which are
more frequently distributed and shorter in inland areas and more sparsely distributed and
longer in the coastal areas. There are 30 ecological nodes, which are mainly distributed in
the peripheral regions of the study area.

Meanwhile, the human disturbance degree score in the study area ranged from 0 to
0.8. The degree of human disturbance formed two large major cores of human disturbance
in the Cangshan District, Gulou District, and Fuqing City, followed by four secondary cores
in Luoyuan County, Lianjiang County, and Pingtan County. A large number of contiguous
areas with a high degree of human disturbance formed in the coastal region.

Finally, the ecological priority restoration areas in Fuzhou were identified via a com-
prehensive analysis of ecological security patterns and human disturbances. The score of
the degree of human disturbance to ecological sources ranged from 0 to 0.42, high-grade
priority areas in the study area were distributed at the edges of ecological source sites, and
two high-scoring aggregation areas formed in Fuqing City and Jinan District. The corridors
have a high degree of human disturbance, with scores between 0 and 0.56. The I and II
priority areas are mostly found in longer corridors such as Fuqing City and Cangshan
District near the coast or urban centers, and the III priority areas are mainly distributed in
the corridors near inland areas. The human disturbance degree scores of nodes ranged from
0.01 to 0.27, and the nodes with higher grades were mainly distributed in the northeast,
southeast, northwest and southwest regions of the study area. In addition, we counted the
areas where ecological sources, ecological corridors and ecological nodes were severely dis-
turbed by human beings. Based on these results, areas of ecological priority for restoration
and related development strategies were identified.

In this study, the ecological security pattern of Fuzhou city was constructed, and the
degree of human disturbance in Fuzhou city was also assessed. The integrated ecological
security pattern and the degree of human disturbance can effectively identify the priority
restoration areas of ecological sources, corridors and nodes in Fuzhou. With the data from
the above study, we can determine the priority of ecological restoration, the key restoration
areas, and use them to develop a sustainable urban development strategy for the future.
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